ABBREVIATIONS GK = Gamma Knife; GPA = graded prognostic assessment; GTV = gross tumor volume; HR = hazard ratio; IQR = interquartile range; KPS = Karnofsky Performance Status; LINAC = linear accelerator; LPFS = local progression-free survival; OS = overall survival; PTV = planning target volume; RPA = recursive partitioning analysis; SIR = score index for radiosurgery; WBRT = whole-brain radiotherapy. RESULTS The mean follow-up period was 11.7 months (median 7.9 months, range 1.7-32 months) for GK and 18.1 months (median 17 months, range 7.5-28.7 months) for LINAC. The median number of lesions per patient was 2.5 (range 1-9) in the GK group and 1 (range 1-3) in the LINAC group (p < 0.01, 2-sample t-test). There were more radioresistant lesions (e.g., melanoma) and more lesions located in functional areas in the GK group. Additional technical reasons for choosing GK instead of LINAC were limitations of LINAC movements, especially if lesions were located in the lower posterior fossa or multiple lesions were close to highly functional areas (e.g., the brainstem), precluding optimal dosimetry with LINAC. The median marginal dose was 24 Gy with GK and 20 Gy with LINAC (p < 0.01, 2-sample t-test). For GK, the actuarial LPFS rate at 3, 6, 9, 12, and 17 months was 96.96%, 96.96%, 96.96%, 88.1%, and 81.5%, remaining stable until 32 months. For LINAC the rate at 3, 6, 12, 17, 24, and 33 months was 91.5%, 91.5%, 91.5%, 79.9%, 55.5%, and 17.1% (log-rank p = 0.03). In the Cox regression with shared-frailty model, the risk of local progression in the LINAC group was almost twice that of the GK group (HR 1.92, p > 0.05). The mean OS was 16.0 months (95% CI 11.2-20.9 months) in the GK group, compared with 20.9 months (95% CI 16.4-25.3 months) in the LINAC group. Univariate and multivariate analysis showed that a lower graded prognostic assessment (GPA) score, noncontrolled systemic status at last radiological assessment, and older age were associated with lower OS; after adjustment of these covariables by Cox regression, the OS was similar in the 2 groups. CONCLUSIONS In this retrospective study comparing GK and LINAC-based radiosurgery for brain metastases, patients with more severe disease were treated by GK, including those harboring lesions of greater number, of radioresistant type, or in highly functional areas. The risk of local progression for the LINAC group was almost twice that in the GK group, although the difference was not statistically significant. Importantly, the OS rates were similar for the 2 groups, although GK was used in patients with more complex brain metastatic disease and with no other therapeutic alternative.
R
adiosuRgeRy was invented by the Swedish neurosurgeon Lars Leksell at the beginning of the 1950s 19 and defined as the "delivery of a single, high dose of ionizing radiation to a small and critically located intracranial volume through the intact skull." 19 The main principle is that the radiation dose is concentrated within the target (conformity) while minimizing the irradiating of the surrounding healthy tissue, due to a very steep gradient (selectivity). Originally, Leksell conceived radiosurgery as a primary tool for functional disorders. 18, 19 In the 1960s, he created the Gamma Knife (GK), a tool for radiosurgery using multiple focusing cobalt-60 sources. 18 Later on, other devices for performing radiosurgery appeared, including gantry-based (e.g., Novalis TX, Brainlab) and robotic (e.g., CyberKnife, Accuray) linear accelerator (LINAC) systems. 20 Until recently, the use of radiosurgery has remained an unusual treatment for brain metastases, depending on the medical center and treated pathology. For example, in the US, only 6.1% of 7684 patients treated with radiation therapy within 2 months after the diagnosis of brain metastases from non-small cell lung cancer between 2000 and 2007 were treated with stereotactic radiosurgery. 9 Brain metastases cause significant morbidity and mortality for patients with cancer and appear in 10%-40% of all cancer patients, after dissemination via the vascular or lymphatic system. There are currently 4 grading systems, allowing estimation of survival for patients with brain metastases: recursive partitioning analysis (RPA), 33 the score index for radiosurgery (SIR), 43 the basic score for brain metastases (BSBM), 21 and the graded prognostic assessment (GPA). 37, 38 In general, they all show that the more advanced the disease is, the worse the prognosis, raising the question of the categories of patients that should benefit the most from radiosurgery for brain metastases.
The increased use of radiosurgery for single and multiple brain metastases raises new technical challenges for optimal treatment delivery and dosimetry (Fig. 1) . The current study is a retrospective analysis of a single-center experience in the treatment of brain metastases with either GK or LINAC during a specific time period-the first 2 years after the installation of Leksell Gamma Knife Perfexion (Elekta Instruments AB). The current literature on radiosurgery for brain metastases is sparse and lacking this type of comparative approach. Thus, our study proposes a novel methodology, involving patients treated with more than one method of radiosurgery in the same institution, while comparing long-term results of radiosurgery for brain metastases after treatment with GK, LINAC, or both.
Methods
This study was a single-institution retrospective cohort study. All patients were examined prior to treatment, and an MRI study was performed to confirm the diagnosis of brain metastasis. Follow-up details, both clinical and radiological, were collected during the regular follow-up visits or from the medical records (from the same hospital where the radiosurgical treatment was performed or the related zonal establishments).
This study focuses only on the patients who were treated with GK or LINAC-based radiosurgery either separately or in combination (including GK after LINAC, e.g., in recurrent cases, these being rather exceptional situations) at the Lausanne University Hospital, between July 2010 and July 2012.
Participants
The inclusion criteria were as follows: diagnosis of at least 1 brain metastasis; age of at least 18 years at the time of treatment; radiographic evidence on pretreatment MRI or CT (if MRI was contraindicated) of at least 1 brain metastasis; treatment with either GK or LINAC radiosurgery; a Karnofsky Performance Status (KPS) score ≥ 70% (i.e., able to care for themselves); any primary tumor; radiosurgical treatment date between June 2010 and July 2012; and type of treatment, LINAC or GK or both, clearly noted. Previous surgery or whole-brain radiotherapy (WBRT) was not grounds for exclusion.
The exclusion criteria were tumors measuring more than 3 cm (in largest diameter) and/or having symptomatic mass effect (referred to surgery), a KPS score < 70%, or refusal of therapy.
Recruitment
All patients had been initially evaluated by an oncologist (radiation oncologist and/or medical oncologist). Based on several parameters, such as age, primary tumor, systemic disease status, number of brain metastases and their size, and prognostic scores, they were referred for surgery, WBRT, and/or radiosurgery (either GK or LINAC). Currently, the Swiss Federal Health Care system routinely covers the costs of radiosurgery for brain metastases with LINAC only. Thus, at the time of the study, the use of LINAC-based radiosurgery was considered first, in most cases. Patients were considered and/or referred for GK (usually by the physicists) only in specific situations.
Pretreatment Evaluation
For GK patients, the preoperative assessment included brain MRI and CT with a stereotactic frame, acquired during day of treatment after frame application. Because of the artifacts and distortion issues induced by the frame, MRI was acquired on a Siemens 1.5-T MR scanner. For LINAC patients, brain MRI was performed on the day(s) before the treatment, on a 3-T MRI unit. CT scans were always performed either during the treatment day for patients undergoing GKS, or a few days before treatment for patients undergoing LINAC-based radiosurgery. Additionally, the extent of the disease was evaluated, either by thoracoabdominal CT scan or by PET-CT detailed imaging.
GK Technique
After application of a Leksell Model G stereotactic frame (Elekta Instruments AB) under local anesthesia, all patients underwent stereotactic MRI and CT, for target definition. The MRI sequences used to identify the brain metastases were adapted to the primary tumor and were T2-weighted (axial, 0.5-mm thickness) without contrast, T2* (mainly for melanoma as primary tumor), and T1-weighted with and without contrast enhancement (1-mm thickness; 5-to 10-minute pause after injection of gadolinium 17 ). Bone CT routinely supplemented the neuroimaging investigation to correct for any distortion errors that might be encountered on the MR images.
32,41 Dosimetry planning was performed using Leksell Gamma Plan (version 10.0, Elekta Instruments AB). The GK radiosurgery treatment was completed using a Leksell Gamma Knife Perfexion system (Elekta Instruments, AB) in all cases. For GK the planning target volume (PTV) was equal to gross tumor volume (GTV).
LINAC Technique
Before LINAC radiosurgery treatment, patients underwent high-resolution MRI with 1-mm-thick contrastenhanced imaging. Patients were immobilized with a custom-fit Brainlab bivalve-style thermoplastic mask incorporating a bite bar. A high-resolution CT scan was then performed for fiducialization.
Imaging data were transferred and fused via a local area network to a planning workstation running BrainScan software (version 5, Brainlab). These data included anatomical structures at risk, although not targeted, such as the brainstem, optic apparatus, cochlea, and/or others depending on the region to be treated.
Treatment plans were created using forward-planning methods incorporating either dynamic multileaf collimated non-coplanar arcs or circular collimated non-coplanar arcs. A single isocenter per lesion was used for all treatments. For each lesion, the optical tracking system was used for initial patient positioning. Stereoscopic x-ray imaging was then performed, and the results were fused with digitally reconstructed radiographs based on CT imaging via the ExacTrac system (Brainlab). A positioning offset was then calculated. Patient positioning corrections were made for each of 6 degrees of freedom using a robotically actuated couch in concert with the real-time optical tracking system. Treatment was initiated when linear offsets were no more than 0.5 mm and angular offsets were 1° or less. Treatment time was typically under 20 minutes per lesion. For LINAC, the PTV was equal to the GTV plus 1 mm.
Following completion of dose delivery, patients were released from the mask and discharged home with anticonvulsant and corticosteroid medications where appropriate.
Follow-Up Monitoring
After the treatment of brain metastases, patients were evaluated every 3 months, by the means of neurological examination and 3-T MRI and assessment of systemic disease by the means of total body scan. A radiation or clinical oncologist evaluated the patient and wrote a summary of the follow-up findings; he or she decided about recommendations for additional systemic or local treatment options, if needed.
Definitions of Outcome Measures
The primary outcome measure was local progressionfree survival (LPFS, patient alive, no local recurrence on postoperative follow-up MRI); progression was considered treatment failure.
The secondary outcome measure was overall survival (survival until death from any cause).
Covariables included age, sex, primary tumor type, neurological signs and symptoms at the time of diagnosis, treatment method, number of months of follow-up, length of time between the diagnosis of the primary tumor and brain metastasis, prior oncological treatments and/or surgery, previous or previewed WBRT, target volume (individual and global-by addition-in multiple brain metastases), maximum and marginal (at the specific isodose) doses for radiosurgery, the use of radiosurgery as a boost/ or not, and the number, histology, and location of brain metastases (Table 1) .
Additionally, the cause of death was determined for all patients. Patients were considered to have died of neurological causes if they had stable systemic disease and progressive neurological dysfunction. The systemic cancer was considered the only cause of death if patients with neurological improvement or stabilization had fatal infections, hemorrhages, or failure of vital organ systems other than the brain.
Data Collection
Patients underwent a complete evaluation every 3 months until their death. The multidisciplinary team included general medical doctors in charge of patient care, oncologists (both medical and radiation oncologists), neurosurgeons, and other specialists (depending on the site of primary tumor etc.). All details of follow-up were gathered by M.L. and C.T. for the neurosurgery team, with the help of the radiation oncologists (primarily L.N.) and physicists (for LINAC-treated patients) involved in the patients' care.
Statistical Analyses
All statistical analyses were conducted using STATA version 11 (STATA Corp.) and GraphPad Prism software 5.02 (GraphPad Software Inc.). The primary outcome was LPFS, which was evaluated on a per-lesion basis. As lesions were not independent within the same patient, a Cox regression with shared-frailty model was used to take into account the within-patient correlation. 12, 22, 30 For the jth lesion in the ith patient, the hazard is h ij (t) = h 0 (t)αi exp (x ij β), where αi is the patient-level frailty. The frailties are unobservable positive quantities and are assumed to have mean value of 1 and variance of θ. They are estimated from the data. The estimate of θ is used to measure the degree of within-patient correlation, and the shared-frailty model reduces to a standard Cox model when θ = 0. Results from univariate analyses ( Table 2 ) and likelihoodratio tests of H0: θ = 0 showed a significant frailty effect, meaning that the correlation of lesions in the same patient cannot be ignored.
The secondary outcome was the overall survival (OS), evaluated per patient. Data were first described for patients alive or deceased at the time of last follow-up separately. The median and the interquartile range (IQR) and/ or full range were reported for continuous variables and Survival over time was examined using Kaplan-Meier estimates, and differences between groups were tested using the log-rank survival functions test. To identify which factors were associated with survival, a univariable Cox regression analysis was performed. The strength of association was assessed using hazard ratios (HRs) and associated p values. Due to insufficient sample size, no multivariable analysis was performed.
Results

Basic Demographic Data and Follow-Up
From July 2010 to July 2012, 28 patients underwent GK radiosurgery for the treatment of brain metastases (9 patients with single brain metastases and 19 with multiple brain metastases), and 35 underwent LINAC-based radiosurgery (24 patients with single brain metastases and 11 with multiple brain metastases). The mean age was 63 years for both groups. The mean duration of follow-up was 11.7 months for the GK group and 18.1 months for the LINAC group. (For details, please see Table 1 .)
Primary Tumor and Number of Lesions
The most common primary tumor types were melanoma (48.4% in the GK group, 2.8% in the LINAC group) and lung cancer (35.5% in the GK group, 62.9% in LINAC group). For other tumor types, see Table 1 . The total number of treated lesions was 83 (81 at last follow-up) for the GK group and 47 (36 at last follow-up) for the LINAC group. The median number of lesions per patient was 2.5 (range 1-9) for the GK group and 1 (range 1-3) for the LINAC group (p < 0.01, 2-sample t-test).
Anatomical Location
No motor cortex, brainstem, or skull base brain metastases were treated with LINAC. The anatomical locations of treated metastases were as follows, for GK and LINAC treatment, respectively: convexity, 50 (60.2%) versus 39 (83%); cerebellum, 15 (28.3%) versus 8 (17%); motor cortex, 6 (7%) versus 0 (0%); basal ganglia, 3 (3.5%) versus 0 (0%); brainstem, 1 (1.2%) versus 0 (0%); skull base, 7 (8.4%) versus 0 (0%); and ventricle, 1 (1.2%) versus 0 (0%).
Other Treatments
Seven patients had WBRT before radiosurgery (4 in the GK group and 3 in the LINAC group); 13 patients had WBRT after radiosurgery (8 in the GK group and 5 in the LINAC group). With respect to repeat radiosurgery, analyzed on a per-lesion basis, 11 of the lesions in the GK group were in patients who had previously undergone GK treatment; in 4 instances, the current treatment was delivered to the lesion that had been previously treated (same lesion) and in 7 instances the previous treatment had been delivered to a different lesion. In the LINAC group, 9 lesions had been previously treated with radiosurgery. In 1 instance the lesion had been treated twice previously. In the other 8 instances, the patients had previously received radiosurgical treatment for a different lesion (5 lesions) or were undergoing LINAC-based radiosurgery for a lesion that had been previously treated with radiosurgery only once (3 lesions).
Target Volume and Dose and Isodose Prescriptions
The mean radiosurgical GTV was 2.65 cm 3 in the GK group compared with 3.33 cm 3 in the LINAC group. The median marginal dose prescription was 24 Gy in GK (range 12-24 Gy at the median 50% isodose line [range 50%-80%]) compared with 20 Gy in LINAC (range 14-24 at the median 80% isodose line [range 80%-90%]) (p < 0.01, 2-sample t-test). The mean marginal dose was 24 Gy in the GK group and 20 Gy in the LINAC group. Details of the marginal dose distribution are provided in Table 1 .
Local Progression-Free Survival
At last follow-up, local progression (treatment failure) was observed in a total of 25 of 130 lesions, 18 in the LINAC group and 7 in the GK group. For GK, the actuarial LPFS rates were as follows: at 3, 6, 9, 12, 15, 18, 21, 24, 30, and 33 months, respectively, the rates were 96.9%, 96.9%, 96.9%, 88.1%, and 81.4%, remaining stable until 33 months. For LINAC, the rates at 3, 6, 9, 12, 15, 18, 21, 24, 30, and 33 months were 91.5%, 91.5%, 91.5%, 91.5%, 84%, 79%, 70.6%, 70%, 40%, and 17.1%, respectively (Fig. 2) .
The risk of local progression for the LINAC group was almost twice that of the GK group (HR 1.92, p > 0.05).
None of the other factors tested were significantly associated with LPFS, including the GTV (p > 0.05). Please see Table 2 for details.
Overall Survival
The median OS was 9.7 months (range 2-34 months) for the GK group and 23.6 months (range 1-34 months) for the LINAC group (Fig. 3) . The mean survival time was 16.0 months (95% CI 11.2-20.9) in the GK group compared with 20.9 months (95% CI 16.4-25.3) in the LINAC group. In univariate Cox proportional hazard regression analysis (Table 3) , the type of radiosurgery was not significantly associated with OS (HR 0.59, p = 0.10). The risk of death increased significantly with patient age (HR 1.06, p = 0.002), with the tumors' total volume (HR 1.07, p = 0.05), with RPA score (HR 3.7, p = 0.01), and with systemic progression on last radiological assessment (HR 2.57, p = 0.02). GPA score was significantly associated with OS. An increase of GPA score by 1 unit decreased risk of death by 58% (HR 0.42, p < 0.0001). Furthermore, the SIR (HR = 0.85, p = 0.007) and no need for additional GK treatment (HR 0.31, p = 0.03) were positively associated with survival. We further calculated a corrected hazard ratio (HR 0.72, p = 0.51) for the respective device by adjusting to the GPA score (Fig. 4) , systemic progression on last radiological assessment (Fig. 5) , and age ( Fig. 6 , with adjustment on the GPA score and systemic status at last follow-up).
GK in Lieu of LINAC Due to Technical Limitations
Some technical and dosimetry limitations have made LINAC radiosurgery difficult at our center in particular patients (Fig. 7) , who we felt would benefit from GK radiosurgery. In patients with single brain metastases, in our experience, the reason for choosing GK was tumor location close to, or in highly functional areas, especially since most of these tumors were intended to be treated with high-dose radiosurgery (24 Gy at the margin) because of their histology (3 melanomas and 1 renal cell tumor). In patients with multiple brain metastases, in our experience, the reason for choosing GK was related to the anatomical location of the lesions and was either technical (limitation of LINAC movements, especially for treatment of tumors in lower posterior fossa locations) or the presence of multiple lesions close to highly functional areas (typically, multiple posterior fossa brain metastases close to the brainstem) would have hindered optimal dosimetry with LINAC. Again, this was made more critical in patients with multiple metastases needing high-dose radiosurgery (6 patients with melanoma and 2 with hypernephroma).
Discussion
To the best of our knowledge, this is the first comparative study of the treatment of brain metastases with 2 different types of radiosurgery systems. The importance of our work is multiple. First, it provides an overview of the characteristics of patients treated with GK or LINAC at our institution, analyzing several covariables including primary tumor, number of lesions per patients, anatomical location of tumors, and absolute prescribed doses. Second, it provides data on LPFS rates achieved with these 2 different radiosurgery techniques. Although the risk of local progression in the LINAC group was almost twice that of the GK group, the difference was not statistically significant. None of the other factors tested were significantly associated with LPFS. Additionally, uni-and multivariate analysis showed that a lower GPA score, noncontrolled systemic disease status at last radiological assessment, and older age were associated with lower OS; after adjustment of these covariables by Cox regression, the OS was similar between groups. The observed difference in mean survival time between the 2 groups is difficult to interpret, as patients were not assigned randomly to GK or LINAC treatment. A better comparison of the survival times between the GK and LINAC groups would be made by adjusting a multivariable model, in which we force the device variable. However, because of the insufficient number of patients who were alive at the last follow-up time point (25 alive, 38 dead), it is not possible to perform a true multivariate analysis. Our analysis does, however, provide support for our observation that the OS of patients treated with GK radiosurgery, whose cases are typically more complicated at our institution, will be similar to that of patients treated with LINAC radiosurgery. Thus, GK treatment allows these patients to benefit from radiosurgery, which would have been difficult with LINAC. Our results regarding both LPFS and OS are comparable to published data. [1] [2] [3] [4] [6] [7] [8] 10, 11, 13, 14, [23] [24] [25] [26] [27] 31, 35, 39, 40 The main limitation of our study is its retrospective nature and related biases, in particular patient and treatment selection bias. While useful for investigations of new technologies (such as GK and LINAC), retrospective studies tend to raise ethical concerns, because they do not require active participation and consent. Some particular issues   FIG. 2 . Actuarial LPFS rates as estimated by the Kaplan-Meier method. The number at risk for GK and LINAC, respectively, was 53 and 29 at 6 months; 34 and 27 at 12 months; 26 and 19 at 18 months; 15 and 14 at 24 months; and 1 and 6 at 32 months; log-rank test, p = 0.03.
FIG. 3.
Actuarial OS rates as estimated by the Kaplan-Meier method. The number at risk for GK and LINAC, respectively, was 19 and 28 at 6 months; 13 and 23 at 12 months; 9 and 16 at 18 months; 4 and 9 at 24 months; and 2 and 4 at 30 months; log-rank test, no adjustment, p = 0.09.
warrant further explanation. First, especially for the LIN-AC cases, we depended on the availability and accuracy of the patients' medical records. These records were usually not designed for the study itself but for medical follow-up issues; accordingly, the available data might have been, in some cases, of poor quality, or might have not reflected sufficient attention to some important aspects. Additionally, for the missing data we needed to rely on information   FIG. 4 . Actuarial OS rates as estimated by the Cox proportional hazards regression with regard to GPA score. The number at risk for GK and LINAC, respectively, was 19 and 28 at 6 months; 13 and 23 at 12 months; 9 and 16 at 18 months; 4 and 9 at 24 months; and 2 and 4 at 30 months; p = 0.02.
FIG. 5.
Actuarial OS rates as estimated by the Cox proportional hazards regression with regard to systemic status. The number at risk for GK and LINAC, respectively, was 19 and 28 at 6 months; 13 and 23 at 12 months; 9 and 16 at 18 months; 4 and 9 at 24 months; and 2 and 4 at 30 months; p = 0.04. Values represent number of patients (%) unless otherwise indicated. * As in Table 2 .
recorded by doctors from other units (both from our hospital and other university and/or peripheral ones), general practitioners, or even physicians in private practice. The information bias thus consisted of differences in the quality and extent of information. Differential losses to followup in the 2 populations might also have biased the study. Second, there was selection and sampling bias. While most of the cases were discussed during an appropriate multidisciplinary meeting, some patients were directly referred for GK treatment by the physicists due to technical limitations of LINAC or were even referred specifically for GK or LINAC treatment based on some "a priori" data from the current literature; in rare cases, we ourselves (one or more of the authors) determined which treatment a patient would receive. Third, this case series was uncontrolled. It is difficult, in situations like this, to identify an appropriate exposed cohort and an appropriate comparison group, as we tried to do. Due to the previously mentioned issues, it is very challenging to make accurate comparisons between the GK and LINAC groups. Additional issues could include the following: some other risk factors might have been present and were not measured; systemic treatments might have been different in the 2 groups even for the same primary cancer, influencing OS and further leading to a misclassification bias, while misclassifying mainly systemic disease status; and the temporal relationship was probably difficult to assess in some instances. Moreover, the small sample size limits the statistical power of our study, and as noted above, there was no randomization, which means that imbalances in patients' characteristics might have occurred. Compared with a comparable prospective cohort study that might have been done (though difficult to organize in the frame of our institution), our retrospective study provides an inferior level of evidence. The recent American Society for Radiation Oncology evidence-based guidelines actually reflect a change in paradigm in the treatment of brain metastases, as follows: 40 the addition of WBRT after surgical excision does not improve OS or duration of functional independence but does improve local control of the treated brain metastases and overall brain control; 15, 28 in patients with a good prognosis and a single brain metastasis (< 3 cm), either surgery or radiosurgery may be considered; 40 selected patients with brain metastases may be treated with radiosurgery alone; 40 and radiosurgery as a boost added to WBRT in patients with multiple brain metastases and good prognosis improves control over treated brain metastases as compared with WBRT alone. 4, 16 Two randomized trials showed that the omission of WBRT after radiosurgery is associated with better neurocognitive outcomes 5, 36 and with better health-related quality of life; 36 the randomized trial RTOG 9508, 3 of the Radiation Therapy Oncology Group, found an improvement in KPS score and decreased steroid use at 6 months with the use of a radiosurgery boost added to WBRT, but WBRT alone may be considered, as there is no survival advantage with radiosurgery added to WBRT in patients with multiple brain metastases. 40 Previous studies have also reported the role of the target volumes and the radiosurgical delivered dose, with their respective impact on LPFS. The RTOG Protocol 90-05 dose-escalation study 34 established that the size of the lesion directly influences the risk of side effects due to increased vasogenic edema and radionecrosis. The study demonstrated that patients with tumors with a diameter between 21 and 40 mm were significantly more likely to develop serious neurotoxicity than those with tumors with a diameter less than 20 mm. Therefore, generally only metastases with a tumor diameter less than 30 mm were accepted for radiosurgery. In our series, the mean tumor diameters for both device groups were less than 20 mm. Surgery is still recommended for larger brain metastases (> 8-10 cm 3 ) with a significant mass effect, as 2 prospective randomized controlled trials found significantly improved survival and improved functionally independent survival after resection in comparison with fractionated radiotherapy alone. 29, 42 In our retrospective analysis, we observed a higher treatment difficulty and complexity of the lesions in patients treated by GK (mainly radioresistant tumors, recurrences after LINAC, median number of lesions/patient, etc.). Furthermore, some technical difficulties would have made LINAC treatment difficult in some patients who we thought would benefit from GK radiosurgery. Specifically, for patients with single brain metastases, the reason for choosing GK was an anatomical location close to or in highly functional areas or the histology (radioresistant); for patients with multiple brain metastases, the reason for choosing GK was related to the anatomical location of the lesions, and it involved either technical concerns (limitations of LINAC movements, especially lower posterior fossa locations) or anatomical concerns such as closeness of multiple lesions to highly functional areas, precluding optimal dosimetry with LINAC.
Conclusions
In our center, we have used GK for the initial treatment of brain metastases in particularly complex and difficult cases. In addition GK has provided a valuable alternative in cases in which technical difficulties preclude an optimal radiosurgery treatment with LINAC. In both situations we believed that other options were less attractive, and GK proved a valuable tool. GK radiosurgery offered fair LPFS actuarial rates, despite the previously enunciated issues, and an OS rate similar to the rates we achieved with LINAC, generally for more challenging cases.
